We report the first observation of linear dichroism in the photo-induced Auger electron emission from aligned atoms. The linear dichroism in the Cr 3p 5 3d 5 4s → 3p 6 3d 4 l Auger spectrum shows striking similarity to the corresponding linear dichroism in the 3p photoelectron spectrum. The theoretical analysis presented here proves that the linear dichroism in the Auger spectrum depends on the same dynamical parameters as the linear dichroism in direct photoionization.
During the last few years several experimental techniques have been developed to determine the amplitudes and phases of the photoionization dipole matrix elements, e.g. spin-resolved photoelectron spectroscopy (Heinzmann 1980a, b, Heinzmann and Cherepkov 1996) , electron-electron coincidence spectroscopy (Schmidt 1997) , electron-fluorescent photon coincidence spectroscopy (Beyer et al 1995) , and photoelectron spectroscopy of polarized atoms (Plotzke et al 1996) . Recently, we reported the observation of the linear dichroism (LD) in the direct 3p photoionization of laser-aligned Cr atoms and demonstrated that linear dichroism measurements enable the ratio x = |D s |/|D d | of the dipole matrix elements D s = s||D||3p and D d = d||D||3p to be determined for transitions of 3p electrons into s and d continuum states. In order to find out whether this information can also be obtained from the subsequent Auger decay we studied the linear dichroism in the Cr 3p 5 3d 5 4s 8 P → 3p 6 3d 4 5 D p, f Auger spectra induced by the Cr 3p 6 3d 5 4s 7 S 3 +hω → 3p 5 3d 5 4s 8 P s, d photoionization of aligned Cr atoms. Cr is an ideal system for these studies because it is rather easy to evaporate and to align by laser pumping, it has zero nuclear spin and therefore is free from complications due to hyperfine structure, and it is amenable to modern many-body theories due to its half-filled 3d and 4s shells (see e.g. Dolmatov 1993a , b, Donnelly et al 1996 . Moreover, it plays an important role in atomic as well as in solid state physics due to its unique electronic and magnetic properties (see e.g. Xu et al 1995 , Panaccione et al 1997 , McClelland et al 1993 , Drodofski et al 1997 .
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Theory
The general expression for the angular distribution of photoelectrons emitted from laserpolarized atoms is given, for example, by Baier et al (1994) :
where σ (iso) is the partial photoionization cross section for a randomly polarized initial state,Ā k 0 0 (J 0 ) are the normalized statistical tensors that describe the polarization of the initial state of the atoms with the total angular momentum J 0 . The generalized asymmetry parameters β k 0 kk γ describe the dynamics of the photoionization process, i.e. they contain the dipole matrix elements, and F k 0 kk γ are geometrical factors that describe the particular geometry of the experimental set-up and the polarization of the ionizing VUV radiation. Angles e , ϕ e describe the direction of the outgoing electron with respect to the polarization direction of the ionizing photon beam and a , ϕ a give the direction of the polarization of the laser radiation that is used to polarize the initial state of the atoms. The Stokes parameters p 1 , p 2 , p 3 characterize the ionizing photon beam. More details are given by Baier et al (1994) . Using expression (1) one can obtain an expression for the linear dichroism in photoionization, which is defined as the difference in the photoelectron intensities for two perpendicular directions of the atomic alignment produced by linear polarized laser light either parallel or perpendicular to the polarization axis of the VUV beam (Dohrmann et al 1996a) .
The differential cross section of the photo-induced Auger electron emission can be written in the following form (Kabachnik 1996) :
Here e , ϕ e determine the direction of the Auger emission, σ i is the photoionization cross section for the production of a particular state of the photoion, i and i→f are the total and partial width of the Auger decay, α i→f k are the anisotropy coefficients for a particular Auger transition, A kq (J i ) = ρ kq (J i )/ρ 00 (J i ) are the normalized statistical tensors describing the polarization state of the photoion, and Y kq are the spherical harmonics. In our case of photoproduction from a laser-aligned initial state both the cross section σ i and the statistical tensors A kq (J i ) depend on the relative orientation of the polarizations of the laser and the synchrotron radiation. A general expression for the statistical tensors of the photoion produced by photoionization of arbitrarily polarized target atoms was obtained by Bußert and Klar (1983) and may be written as follows:
Hereρ k 0 0 (J 0 ) are the statistical tensors describing the polarization of the initial state of the target atom that are connected with the normalized statistical tensorsĀ
are the statistical tensors describing the ionizing photon beam, and k 0 q 0 , kq|k γ q γ are the Clebsch-Gordan coefficients. The dynamical coefficients C k 0 kk γ contain the squares of the dipole matrix elements of the photoionization process. By substituting equation (3) into equation (2) we found that the angular distribution of Auger electrons has exactly the same form as the angular distribution of photoelectrons given by equation (1). Therefore, both processes have the same characteristic dependence on the photon beam polarization or on the geometry of the experiment. In particular, Auger emission from aligned target atoms should be different for different directions of the linear polarization of the initial photon beam, i.e. the linear dichroism, which was observed in the direct photoelectron spectra, should also occur in the Auger spectra.
Experiment
In our experiment the linear dichroism in the Auger electron emission of aligned Cr atoms was investigated at a photon energy of 76 eV, using linearly polarized laser and undulator radiation at the U1-TGM6 beamline at BESSY (Berlin). The ground state of the Cr atoms, produced in a resistively heated furnace, was aligned by laser pumping the Cr 3d 5 4s 7 S 3 → 3d 5 4p 7 P 2 transition with linearly polarized laser radiation. The counterpropagating laser and undulator beams interact with the Cr atoms in the source volume of a 180
• cylindrical mirror analyser (CMA) as depicted in figure 1 . The kinetic energy of the electrons emitted at angles close to the magic angle ( CMA = 54.7
• ) relative to the polarization axis of the undulator radiation was analysed with an energy resolution of 0.8% of the pass energy. More details can be found in Dohrmann et al (1996a, b) . Electron spectra were recorded for either parallel (I ) or perpendicular (I ⊥ ) orientation of the laser polarization (and therefore of the atomic alignment) with respect to the polarization of the undulator radiation. For photoelectron and Auger electron emission the normalized linear dichroism defined as (Wedowski et al 1997) 
was determined. 
Results and discussion
The upper part of figure 2 shows the Auger spectra of Cr atoms with parallel and perpendicular alignments (hω = 76 eV). The three lines in the spectrum at kinetic energies of 23.04(5), 23.40(5) and 23.70(5) eV are due to the three fine-structure components of the Cr II 3p 5 3d 5 4s 8 P 9/2,7/2,5/2 hole state. The fine structure of the final state 3p 6 3d 4 5 D could not be resolved. It is clearly seen that the intensity of the Auger electron emission depends strongly on the direction of the alignment. The normalized linear dichroism in the Auger emission LD (Auger) is shown in the lower part of figure 2. It is negative for the 8 P 9/2 and 8 P 5/2 initial state and positive for 8 P 7/2 . The broken curve is the calculated normalized LD that is discussed below.
For comparison the normalized linear dichroism in the direct 3p photoemission LD (photo) which was published earlier (von dem Borne et al 1997) is depicted in the lower part of figure 3. Although the direct 3p ionization spectra, shown in the upper part of figure 3, look completely different from the corresponding Auger spectra in the upper part of figure 2, the normalized LD curves show a nearly perfect correspondence, not only in the shape of the curve but also in the absolute values of the normalized LD. The striking similarity between LD in the photoelectron and the Auger spectra can be explained as follows. Using equation (1) (5) where P is the degree of linear polarization of the undulator radiation, the following relation between β (photo) LD and the β k 0 kk γ parameters is obtained:
In many cases (see the discussion below) the second term in equation (6) is much smaller than the first one. Then one can write approximately
The angular distribution of Auger electrons is determined by the alignment tensors of the photoion state A kq (J i ) (see equation (2)). Usually, in Auger decay the higher-order terms in the expansion (2) are negligible compared to the leading term α 2 A 2q (J i )Y 2q . If we ignore the higher-order terms we obtain a simple expression for the LD in Auger emission. In the particular geometry of our experiment (magic-angle CMA) the contribution of the k = 2 term also vanishes. It follows that in our case the LD (Auger) in the Auger electron emission, defined by equation (4), is not connected with the dynamics of the Auger decay, but only with the dynamics of the preceding ionization process:
where σ i and σ ⊥ i are the photoion production cross sections for parallel and perpendicular polarizations of the laser and undulator radiation. For the photoionization cross section of the laser-aligned atom the following expression is valid (Baier et al 1994) :
where a is the angle between the two polarization directions and β = − 10 3 β 202Ā20 (J 0 )P is related to the generalized asymmetry parameter β 202 describing the direct photoionization (equations (6) and (7)). Defining β (Auger) LD in analogy to (5) we obtain from equations (8) and (9) 
and thus
Therefore, in our experimental arrangement the linear dichroism in Auger electron emission should have the same value as the linear dichroism in photoelectron emission (within the given approximations), which is corroborated by the experimental results in the lower parts of figures 2 and 3. In addition, equations (10) and (11) show that the dynamical information that is contained in the LD of the Auger emission is the same as the information in the LD of the photoelectrons, i.e. that the LD in Auger emission is described by the ratio of the matrix elements x = |D s |/|D d | for transitions into s and d continuum states and not by the matrix elements of the Auger decay. Therefore, the measurement of the LD in Auger emission is suitable for the determination of the ratio x in the same way as the LD in the direct photoemission. We demonstrated that with equation (7) using the LSJ approximation β LD is given by (von dem Borne et al 1997)
If the dipole matrix elements D s and D d are determined by the orbital momenta of the ion and the outgoing electron, the coefficients C J depend simply on the total angular momentum J of the Cr II 8 P 9/2,7/2,5/2 ion (C 9/2 = −1/4 √ 3, C 7/2 = +5/7 √ 3, C 5/2 = −15/28 √ 3). For comparison with the experimental results the normalized LD (photo) , equation (5), was calculated using β (photo) LD obtained from equation (12) extracted from the data due to the limited accuracy of the values for P = 0.90 ± 0.05 andĀ 20 = 0.40 ± 0.05. The strong dichroism demonstrates that transitions to s-states contribute significantly to Cr 3p photoionization at this photon energy. Now we return to equation (6) and discuss the contribution of the second term that we ignored. In LSJ approximation equation (6) results in the following expression:
which replaces equation (12) for the photoelectron case. We see that if the transition into s-states dominates (as in our experiment) the value of x is large and both expressions (12) and (13) practically coincide. For a strong contribution of transitions into d-states, i.e. for small values of x = |D s |/|D d |, the second term in (6) with β 242 cannot be neglected. In the case of Auger emission in the LSJ approximation, the higher-order terms of the alignment tensors with k > 2 vanish for our particular case of P J initial state of the photoion. Due to this fact in the geometry of our experiment the Auger linear dichroism is determined only by β 202 and thus is given by equation (12) In summary, the same kind of dynamical information can be extracted from LD in both direct photoionization and the Auger emission, namely the ratio x = |D s |/|D d |. But, most important in our particular case, equation (12) holds exactly for Auger emission, whereas equations (12) and (13) for photoelectrons are always based on the neglect of higher multipole terms. A further big advantage of the measurement of Auger decay compared to direct emission is that the width of the Auger lines does not depend on the bandwidth of the ionizing radiation, apart from PCI effects. This permits measurements with increased photon intensity giving higher count rates, which is essential for investigating processes with cross sections of 0.1 to 1 Mb. Moreover, the kinetic energy of the Auger electrons does not depend on the energy of the incoming photons. This allows for the investigation of LD just above threshold where slow photoelectrons are difficult to detect. We recorded Auger electron spectra at photon energies of 53 and 48 eV and observed a linear dichroism that is much smaller than at 76 eV, corresponding to a smaller ratio x = |D s |/|D d | near threshold. The decrease of x towards threshold is in agreement with the results of preliminary HartreeFock calculations (Hansen 1996) .
